Abstract-The MicroWave Radiation Imager (MWRI) onboard the FengYun (FY)-3B satellite has five frequencies at 10.65, 18.7, 23.8, 36.5, and 89.0 GHz, each having dual channels at vertical and horizontal polarization states, respectively. It is found that radiofrequency interference (RFI) is present in MWRI data over land. The RFI signals are, in general, detectable from a spectral difference method and a principal component analysis (PCA) method. In particular, the PCA method is applied to derive RFI signals from natural radiations by using the characteristics of natural radiation measurements having all-channel correlations. In the area where data have a higher projection onto the first principle component (PC) mode, RFI is, in general, present. However, both the spectral and PCA methods cannot detect RFI reliably over frozen grounds and scattering surfaces, where the brightness temperature difference between 10.65 and 18.7 GHz is large. Thus, detection is improved through the use of normalized PCA. The new RFI detection algorithm is now working reliably for MWRI applications. It is found that RFI at 10.65 GHz distributes widely over Europe and Japan, and is less popular over the United States and China.
Detection of Radio-Frequency Interference
Signal Over Land From FY-3B Microwave Radiation Imager (MWRI) launched on May 4, 2002 . AMSR-E C-(6.9 GHz) and X-band (10.7 GHz) channels are primarily designed to enhance surfacesensing capabilities [1] . In 2003, the U.S. Naval Research Laboratory launched the WindSat radiometer on the Department of Defense Coriolis satellite [2] . WindSat also provides measurements at frequencies ranging from 6 to 37 GHz with the third and fourth components of Stokes vector [3] . The successor of AMSR-E, i.e., AMSR-2, will be on board the Global Change Observation Mission 1st-Water (GCOM-W1) satellite, which is planned for launch in spring of 2012. The mission of AMSR-2 is similar to that of AMSR-E but is enhanced for RFI detection by adding the channels at 7.3 GHz, adjacent to 6.9 GHz. It is expected that a combination of MWRI and AMSR-2 can provide some improved capability of monitoring the water cycle on Earth and in the atmosphere.
Today, X-band has been occupied and used for both passive and active remote sensing. In particular, radar technologies are used in civil, military, and government institutes for weather monitoring, air traffic control, garage remote control, Global Positioning System (GPS) on the highway, defense tracking, and vehicle speed detection for law enforcement. Thus, AMSR-E C-and X-bands and MWRI X-band operate in unprotected frequency bands, and the natural thermal emission of the Earth can be easily obscured by signals from these active microwave transmitters [3] - [6] . Satellite microwave thermal emission mixed with signals from the active sensors is referred to as radio-frequency interference (RFI). RFI is an increasingly serious problem for microwave sensing. Early examinations of AMSR-E and WindSat data showed evidence of extensive RFI signals in brightness temperature measurements at low-frequency (e.g., C-band and X-band) channels [4] - [8] . Low-frequency microwave observations are mainly used for retrievals of surface parameters, such as soil moisture, vegetation water content and surface temperature [9] - [12] , and snow cover [13] . These retrievals are best carried out with RFIfiltered data to minimize retrieval errors. In this paper, the RFI characteristics at X-band, including the magnitude, extent, and location, are further investigated using MWRI on board the Chinese FY-3B satellite. Emphasis is given to the identification of RFI signals over land throughout the seasons. This paper is organized as follows: Section II provides a brief description of FY-3B MWRI channel characteristics. Two RFI identification methods are described in Section III. Numerical results are presented in Section IV. Section V gives a summary and some conclusions.
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II. MWRI CHANNEL CHARACTERISTICS
The MWRI instrument and its calibration are described in [14] and [15] . The calibrated and geolocated brightness temperatures are produced jointly by the National Satellite Meteorological Center of China Meteorological Administration and the Shanghai Institute of Space Communication Technology.
MWRI scans the Earth conically with a viewing angle of 45
• and a swath of 1400 km. It completes a scan within a period of 1.8 s, during which the spacecraft (note that the satellite velocity is 7 km/s) travels 12 km in its subsatellite point, which is equal to a resolution of an 89-GHz antenna beam projected on the Earth's surface. The sampling interval for the Earth view is 2.08 ms, providing a total of 254 samples from Earth observations during each scanning cycle. There are some overlaps between the antenna fields of view (FOVs) for all the channels, except for the 89-GHz channel. The MWRI frequencies, polarization, bandwidths, FOV resolution, and Noise Equivalent Temperature Sensitivity (NEΔT) for each of the ten channels are listed in Table I . The main beam efficiency is greater than 90%. The dynamic range for the MWRI brightness temperature is 3-340 K.
III. RFI DETECTION METHODS

A. Spectral Difference Method
Over most land surfaces, brightness temperatures at 18.7 GHz (channels 3 and 4) are higher than those at 10.65 GHz, i.e., the spectral differences TB 10V − TB 18V < 0 and TB 10H − TB 18H < 0. This is because the dielectric constant of water in soils and vegetation is dependent on frequencies, and the resulting surface emissivity increases with frequency. Natural phenomenon such as flooding and wet surface decreases the brightness temperatures, particularly at lower microwave frequencies. An RFI signal at 10.65 GHz increases the brightness temperature at 10.65 GHz, resulting in a reversed spectral gradient: TB 10V −TB 18V > 0 and TB 10H − TB 18H > 0 [4] . RFI signals typically originate from a wide variety of coherent point target sources, i.e., radiating devices and antennas, and are often directional and narrow-banded, being isolated in space and persistent in time.
Following the work in [6] , the RFI over land in summer can be identified for MWRI at the 10.65-GHz vertical and horizontal polarization channels when the following inequality about RFI-sensitive spectral difference indices (differences between brightness temperatures at two different frequencies for a given polarization) computed from the brightness temperatures holds true:
This 5-K threshold is set based on the study in [14] , in which a microwave land emissivity model is used for simulating AMSR-E brightness temperatures based on some mean emissivity spectral characteristics over various land types. It is found that the average value of TB 10 − TB 18 increases significantly when snow cover is present in high latitudes. The latitude dependence is more significant in winter than in summer, and the 5-K threshold is modified into a latitudinaldependent threshold, i.e.,
where f (ϕ) = aϕ + b is a linear fit equation derived from all data in the domain, and c is a parameter whose exact value depends on channel sensitivity and natural scene in considerations. The scattering from natural targets (e.g., snow and ice) can substantially decrease the brightness temperatures at high frequencies. The reversed spectral difference can also be related to surface snow and ice. To avoid taking snow and ice as false RFI signals from the aforementioned indices, the following scattering-sensitive spectral difference indices are added:
B. PCA Method
Different from the RFI signatures, the Earth's surfaces often produce smooth and ultrawideband microwave radiation. The multichannel correlations of radiometer data from natural radiations are often high [see Fig. 9 (a) and (b)]. The spectral difference technique previously described does not explicitly utilize this channel correlation information from natural radiations. On the other hand, the channel correlations between 10 GHz and the remaining MWRI channels for RFI signatures are low since RFI only increases brightness temperatures significantly only at a particular frequency. Li et al. [3] extended the spectral difference technique using principal component analysis (PCA) of RFI indices, which linearly transforms a set of correlated RFI indices into a smaller set of uncorrelated variables to effectively separate RFI from natural radiations.
Specifically, a vector of five-component RFI indices is defined as
The data matrix for identifying RFI at 10.65-GHz horizontal polarization using PCA is defined as (7), shown at the bottom of the page, where N is the total number of data points over a specified region. The covariance matrix S 5×5 = AA T is then constructed, whose eigenvalues λ i (i = 1, 2, . . . , 5) and eigenvectors e i = [e 1,i , e 2,i , . . . e 5,i ] T are found to satisfy the following equation:
where i indicates the ith PC mode (i = 1, 2, . . . , 5); e i is the ith principle component mode; and λ i indicates the contribution of the ith PC mode to the total variance of data. By expressing the eigenvalues and eigenvectors in matrix form
(8) can be equivalently written as
(Notice that
The projection of data matrix A projected onto the orthonormal space spanned by the set of basis vectors e 1 , e 2 , . . . e 5 gives the so-called PC coefficients
where
is the PC coefficient for the ith PC mode. In this new data space, the first basis vector (to be called the first PC mode) spans in the direction of the maximum variance in the data, and the second basic vector (e.g., the second PC mode) spans the direction of the largest variance not accounted for by the first vector. Data matrix A can be reconstructed from the total five PC modes
The high values of the PC coefficient for the first PC mode, i.e., u 1 , indicates the presence of RFI.
Reference [3] applied the aforementioned PCA method for the identification of RFI in WindSat data over land in summer. In this paper, the PCA method is applied to both summer and winter cases. To effectively identify RFI signals in MWRI winter data using the aforementioned PCA method, the RFI indices must be normalized, i.e.,
where μ and σ are the mean and standard deviation of the five RFI indices. Fig. 1 shows brightness temperatures at 10.65 and 18.7 GHz with dual polarizations over eastern China and Japan on February 24, 2011, from FY-3B MWRI. The differences of brightness temperatures between these two channels (i.e., 10.65 GHz minus 18.7 GHz) with the same polarization are The linear correlations between the 10.65-and 18.7-GHz channels are revealed in the scatter plots of Fig. 3 for data within the domains shown in Figs. 1 and 2 . Data points satisfying TB 10H − TB 18H ≥ 5 K or TB 10V − TB 18V ≥ 5 K are indicated in black. TB 10H −TB 18H and TB 10V −TB 18V are negatively biased and linearly correlated when TB 10H − TB 18H < 0 or TB 10V −TB 18V < 0. The MWRI-observed brightness temperatures at 10.65 GHz could be more than 100 K larger than the brightness temperatures at 18.7 GHz over Europe. Some values exceed the upper limit (340 K) of the specified dynamic range of the MWRI.
IV. NUMERICAL RESULTS
A. MWRI Brightness Temperatures at 10.65 and 18.7 GHz
Another way to examine the similarities and differences among MWRI channels 1-4 is to plot TB 10H , TB 18H , TB 10V , and TB 18V as functions of longitude, with the latitudes of data points satisfying TB 10H − TB 18H > 5 K or TB 10V − TB 18V > 5 K indicated in color, and TB 10H − TB 18H ≤ 5 K or TB 10V − TB 18V ≤ 5 K indicated in black (Figs. 4 and 5 ). There seems a nearly constant upper bound of brightness temperatures of each of the four channels, except channels 1 and 2 of the lowest frequency. The range of observed brightness temperatures for the horizontal polarization is much larger than that for the vertical polarization, confirming the fact that vertical polarization is much less sensitive to surface variations than horizontal polarization. For 10.65-GHz channels, data satisfying TB 10H − TB 18H > 5 K or TB 10V − TB 18V > 5 K form several mountainlike distributions in Fig. 4(a) and (b) , or Fig. 5(a)  and (b) , respectively. Are they the RFI signals, which typically originate from a wide variety of coherent point target sources and are often directional, isolated, narrowband, and coherent? The following two sections describe the MWRI RFI results obtained using the spectral difference method and the PCA method.
B. RFI Distributions Detected by the Spectral Difference Method
The scattering effects from snow and ice can lower the brightness temperatures at 18.7 GHz more than those at 10.65 GHz and change the surface spectra. In addition, the magnitudes of TB 10 − TB 18 due to the presence of snow can be more than 5 K. This presents a problem in simply implementing the spectral difference method that works for data in summer to winter cases. For examples, Fig. 6 presents the spatial distributions of all the data points with differences between 10-and 18-GHz channels greater than 5 K at horizontal and vertical polarizations over larger domains than Figs. 1 and 2 . The spectral difference TB 10H − TB 18H > 5 K over a large area in the north [ Fig. 6(a) and (b) ] results from the presence of snow, instead of RFI. Since the scattering effects from snow and ice are much stronger at the high-frequency channels 9 and 10 (89 GHz) than the low-frequency channels 1-4 (10.65-18.7 GHz), an additional criterion TB 89 − TB 18 > −10 K is added for winter cases. In Fig. 6 , data points with TB 10 − TB 18 ≥ 5 K are divided into two groups: one with TB 89 − TB 18 ≤ −10 K (green) and the other with TB 89 − TB 18 > −10 K (red). Fig. 7 illustrates how the RFI signals are identified. The scatter plot of TB 10H − TB 18H for the first ten-day average data in summer (July 1-10, 2011) over Asia (10 Fig. 7(a) , and that for winter (February 1-10, 2011) is presented in Fig. 7(b) and (c), with Fig. 7(b) including those data points with either TB10 − TB18 < 5 K or TB10 − TB18 ≥ 5 K and TB89 − TB18 > −10 K, and Fig. 7(c) including data points satisfying TB10 − TB18 ≥ 5 K and TB89 − TB18 ≤ −10 K. The criteria used in the spectral difference method for RFI detection are indicated by the solid line, which is defined by TB 10H − TB 18H = 5 K in Fig. 7(a) and f (ϕ) = aϕ + b + c in Fig. 7(b) and (c) . The values of a, b, and c in Fig. 7 RFIs are found over China, except over Beijing and Shanghai cities.
Since microwave radiation from the same Earth scene is measured by each channel, different MWRI channels are highly correlated. On the other hand, RFI signals are independent from the natural variations and increase brightness temperatures only at the X-band channels. The channel correlations between X-band channels and other channels will be lower for RFI signals. To confirm this, the correlation matrices of horizontal and vertical polarization channels from all data over Europe during February 1-10, 2011, are provided in Fig. 9 . For MWRI, all the channels, except the 89-GHz one, are positively and highly correlated, and correlations are higher for horizontal polarization [ Fig. 9(a) ] than for vertical polarization [ Fig. 9(b) ]. The differences between the correlations calculated for all data and those calculated for RFI-contaminated data are provided in Fig. 9(c) and (d) . It is seen that the channel correlations between X-band channels and 18.7-and 23.8-GHz channels are smaller for horizontal polarization data. For vertical polarization data, the correlations between X-band channels and all other channels, except the 89-GHz channel, are smaller.
C. RFI Distributions Detected by the PCA Method
Ten-day composite 20-km gridded data were generated for MWRI from February 1-10, February 19-28, and July 1-10, 2011, respectively. The ten days of MWRI data are used to remove data-void areas associated with orbital gaps of the MWRI instrument. The RFI index vectors defined by (6) and (12) are first calculated based on these ten-day composite data. The statistical technique PCA is then applied. PCA is used here for cluster identification and classifications. In other words, the RFI-related principal component in multidimensional radiometer data is extracted for RFI detection. Promises of this approach for RFI detection over nonscattering surfaces were shown in [3] . Fig. 10 shows the percentage of the total accumulative variances for the five principle components of RFI indices calculated by the first ten-day average data in February 2011 without and with normalization at both horizontal and vertical polarizations over both Asia and Europe. Over Asia and Europe, the first PC mode explains more than 85% and 60% of the total data variances, respectively. The first three to four PCs capture the majority of data variance in both areas. The horizontal polarization channels have larger variances than the vertical polarization ones. The differences of variances between Asia and Europe are significantly smaller when the normalized RFI index is used.
The first three PCs (i.e., eigenvectors) of the RFI indices corresponding to the eigenvalues shown in Fig. 10 is provided in Fig. 11 . When the RFI indices are not normalized, the first PC remains positive, reflecting the overall magnitude of all radiometer channels; the second and third PC coefficients for horizontal and vertical polarization channels have opposite sign over Asia, indicating the polarization difference. The major difference occurs in the first PC when the RFI indices are normalized. After normalization, the first PC coefficients of four cases (Asia and Europe, horizontal and vertical) decrease monotonically with frequency, reflecting the spectral gradient of the MWRI channels. The disparities in PC coefficients between Asia and Europe and between horizontal and vertical polarizations calculated from unnormalized RFI indices [ Fig. 10(a) , (c), (e)] are clearly reduced [ Fig. 10(b 
The PCA-based RFI distributions over Asia at 10.65 GHz for horizontal polarization during summer and winter 2011 are provided in Fig. 12 for both RFI index vectors (6) and (12) . Without normalization [ Fig. 12(a) and (b) ], the PCA method can only successfully detect RFI in MWRI summer data [ Fig. 12(a) ] but not winter data [ Fig. 12(b) ]. The snow in high latitudes is mixed together with RFI signals [ Fig. 12(b) ]. After normalization, the PCA effectively detects winter RFI signals over not only Japan and Beijing but also Shanghai and a few more cities over the eastern coast [ Fig. 12(d) ]. The normalization of RFI indices does not alter the PCA-detected RFI results in summer data. The RFI distributions in Fig. 12(c) and (d) are close to those obtained using the spectral difference methods [ Fig. 8(a) and (b) ].
Similar results are obtained over Europe (Fig. 13) . By comparing Fig. 13(b) and (d) , it is seen that the snow scattering effects are removed by normalizing the RFI indices. RFI signals can be detected by using either (6) [ Fig. 13(a) ] or (12) [ Fig. 13(c) ]. The PCA-detected RFI distributions [ Fig. 13 (c) To illustrate the robustness of the proposed two modified RFI detection methods, we show in Fig. 14 the RFI distributions over Europe during the last ten days (February 19-28, 2011) . Again, the RFI distributions obtained by the spectral difference method [ Fig. 14(a) and (b) ] are very similar to those detected by the PCA method. Compared with RFI distributions detected in the first ten days of MWRI data [ Fig. 13(c) and (d)] , the RFI over Europe are persistent in time.
V. SUMMARY AND CONCLUSIONS
In this paper, we have presented the results of a spectral difference method and a statistical PCA analysis method for detecting RFI signals in continental Asia and Europe, using two months of data collected from the X-band channels of FY-3B MWRI. An accurate RFI detection will not only enhance geophysical retrievals over land but also provide evidences of much needed protection of microwave frequency band for satellite remote-sensing technologies.
The PCA method takes advantage of the multichannel correlation, as well as the spectral indexes, for RFI detection. The methodologies developed by Wu and Weng [6] and Li et al. [3] for C-and X-band channels of AMSR-E and WindSat are slightly modified for applications to MWRI RFI identification. A strong RFI is visible at MWRI X-band vertical or horizontal channels. A comparison of results using different methods and different periods of data suggests that many of the RFI sources are present in MWRI data and are persistent in time. The RFI signals are more populated over the European continent and Japan than Asia and the United States. In terms of geographic distributions, it is found that RFI is observed primarily within the European continent and Japan, with much less evidence seen in the U.S. The consistency in the results obtained in this study using two independent methods give a confidence in the RFI signals identified over land in the absence of a reliable validation data set of the "true" RFI against which to evaluate the merits of different classification schemes.
